This paper presents the results of an experimental investigation carried out to optimize the mix proportions of the fly ash brick by Taguchi method of parameter design. The experiments have been designed using an L 9 orthogonal array with four factors and three levels each. Small quantity of cement has been mixed as binding materials. Both cement and the fly ash used are indicated as binding material and water binder ratio has been considered as one of the control factors. So the effects of water/binder ratio, fly ash, coarse sand, and stone dust on the performance characteristic are analyzed using signal-to-noise ratios and mean response data. According to the results, water/binder ratio and stone dust play the significant role on the compressive strength of the brick. Furthermore, the estimated optimum values of the process parameters are corresponding to water/binder ratio of 0.4, fly ash of 39%, coarse sand of 24%, and stone dust of 30%. The mean value of optimal strength is predicted as 166.22 kg.cm -2 with a tolerance of ± 10.97 kg.cm -2
Introduction
Economic and environmental considerations play a major role in the rapid increase for usages of mineral admixtures such as stone dust, fly ash, blast-furnace slag and the like to improve the engineering properties and performance of concrete mix design 1, 2 . In addition to lowering the heat of hydration, the use of fly ash and slag can improve namely the workability, plasticity, water tightness, resistance to sulphate, and sea-water attack. A higher content of pozzolanic materials implies that less cement is required. Considering the water content or water-to-binder ratio is an indirect approach to sizing the volume, thus ensuring greater durability in the mixture proportions for brick made of.
In the recent years, fly ash is being used extensively for utilization of industrial wastes by producing cost-effective and durable building components. Consequently, several experimental studies pertaining to processing of fly ash based materials are provided in the literature 3, 4 . Fly ash is a by-product of the coal combustion in thermal power generation and consists mainly of SiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, and some impurities. According to ASTM Standards, fly ash belongs to class F if (SiO 2 +Al 2 O 3 + Fe 2 O 3 ) > 70%, and belongs to class C if 70% > (SiO 2 +Al 2 O 3 + Fe 2 O 3 ) > 50%. Usually, class F fly ashes have a low content of CaO and exhibit pozzolanic properties, but class C fly ashes contain up to 20% CaO and exhibit cementitious properties. The mechanism is that when pozzolanic materials are added, calcium hydroxide Ca(OH) 2 is transformed into secondary calcium silicate hydrate (C-S-H) gel, causing the transformation of larger pores into finer pores as a result of pozzolanic reaction of the mineral admixtures. Ca(OH) 2 , which appears as a result of the hydration, affects the quality of the concrete negatively by forming cavities because of its solubility in water and its low strength. The use of mineral admixtures has a positive effect on the quality of concrete by binding the Ca(OH) 2 5,6 . In this study, fly ash, coarse sand, and stone dust have been used as mineral admixtures for making bricks.
Because of low calcium content of the fly ash used in this study, its behavior is like a pozzolanic admixture in the brick. The addition of fly ash can also increase workability due to its spherical shape and their extreme fineness at lower contents.
Compressive strength is a vital parameter to judge the durability/ stability of the brick. Therefore, studies on optimization of brick with concrete mix design to achieve adequate strength is of considerable importance. In a concrete mix design, as the number of mix variables increases the number of experiments also increases. The traditional approach for such experimental studies is to use full factorial or fractional factorial design followed by response surface modeling. Soudki 7 has used a full factorial experiment to optimize concrete mix design for hot climates. However, in the case of a full factorial design the number of experiments is numerous, and it is practically not possible to carry out the experiments in majority of situations. An alternative approach for optimization is to adopt Taguchi's parameter design method based on orthogonal arrays (OA), which is widely used in research and industrial applications. This method is economic one as fewer experiments are required to obtain the optimum levels of the process parameters. Moreover, use of this method helps to make a process/product robust against environmental conditions/sources of noise, thus improving its field performance. Precisely, parameter design technique leads to achieve high quality of a product or component at low cost. The effects of admixtures in the concrete mix design using Taguchi method have been reported earlier 8, 9 . However, the existing literature provides limited information on the optimization for constituent materials to be used for making fly ash brick by using orthogonal array design.
Thus the objective of the present study is to find out the optimum mix design for making brick so as to achieve the maximum compressive strength. The experiments were designed using an L 9 standard orthogonal array considering the process parameters such as water/binder ratio, fly ash, coarse sand, and stone dust and each with three levels. Results derived from statistical analysis of the experimental data were presented, based on Taguchi's parameter design technique.
Parameter Design Methodology
Taguchi's parameter design method 10,11 is a powerful tool for optimizing the performance characteristic of a product/process. The aim of a parameter design experiment is to identify and design the settings of the process parameters that optimize the chosen quality characteristic and are least sensitive to noise (uncontrollable) factors. In the present study, the goal is to evaluate the effects of process parameters on the performance measure and the optimum combination of control factors that would maximize the compressive strength, of the fly ash brick (prepared in the laboratory), which is chosen as the quality characteristic. The cause-and-effect diagram illustrating the possible effects of the process parameters on the compressive strength is shown in Figure 1 .
Selection of control factors and their levels are made on the basis of some preliminary trial experiments conducted in the laboratory and also from literature review on the subject. Four control factors such as water/binder-ratio, fly ash, coarse sand, and stone dust are selected for the study. Each of the four control factors is treated at three levels, as shown in Table 1 . The choice of three levels has been made because the effect of these factors on the performance characteristic may vary nonlinearly.
Design of Experiment
The experiments were designed based on the orthogonal array technique. An orthogonal array is a fractional factorial design with pair wise balancing property. Using orthogonal array design the effects of multiple process variables on the performance characteristic can be estimated simultaneously while minimizing the number of test runs. An L 9 (3 4 ) standard orthogonal array 11 as shown in Table 2 was employed for the present investigation. This array is most suitable to provide the minimum degrees of freedom as 9 [= 1 + 4 x (3-1)] required for the experimental exploration. Table 3 represents the layout of the experimental design, which has been obtained by assigning the selected factors and their levels to appropriate columns of L 9 orthogonal array. This array has 9 rows and 4 columns and each row represents a trial condition while each column accommodates a specific process parameter. Moreover, the notation 3 4 implies that at most 4 factors, each at 3 levels can be investigated using this OA and their main effects can be estimated provided all other interactions are negligible which is assumed in the present case. The numbers in each column indicate the levels of specific factors (A, B, C, and D). However, while conducting the experiments the test runs have been randomly made to avoid the unidentified noise sources, which are not considered but could have an adverse impact on the response characteristic.
Materials and Procedure
Both the binding materials i.e, Portland cement and the fly ash used in experimental work are all manufactured in India. The chemical compositions of binding materials are presented in Table 4 . Dry fly ash was obtained from Durgapur Projects Limited (DPL) and Portland slag cement 12 as per IS available locally was used in the experimental work. The fineness modulus of coarse sand is approximately 3.2.
The constituent materials with desired proportion were put in a mixture machine for thorough dry mixing at first and subsequently wet mixing for obtaining the desired mix. The mixture thus obtained was put in desired moulds and pressed through vibro-compaction technique to produce brick. The green bricks thus obtained were cured by covering wet gunny bags and then dried in open air to obtain the final product.
Analysis, Results and Discussion
Universal Testing Machine has been used to measure the compressive strength of brick specimens. Three readings (corresponding to the three replications) are recorded for each experimental condition as shown in Table 5 Experiment no. Factor A Factor B Factor C Factor D  1  1  1  1  1  2  1  2  2  2  3  1  3  3  3  4  2  1  2  3  5  2  2  3  1  6  2  3  1  2  7  3  1  3  2  8  3  2  1  3  9  3  3  2  1 technique, the variation of the response is also examined using an appropriately chosen S/N ratio. Broadly speaking, the S/N ratio is the ratio of the mean (signal) to the standard deviation (noise). These S/N ratios, derived from the quadratic loss function, are expressed on a decibel (dB) scale. The formula used to compute the S/N ratio depends on the objective function. Generally, three standard S/N equations are widely used to classify the objective function as: 'larger the better', 'smaller the better', or 'nominal the best'. However, regardless of the type of performance characteristic, a larger S/N ratio is always desirable. In the present study, compressive strength is a 'larger the better' type of quality characteristic since the goal is to maximize the strength. The standard S/N ratio computing formula for this type of response is 10, 11 Table 5 . Since the experimental design is orthogonal, the factor effects can be separated out in terms of the S/N ratio and in terms of the mean response. The average values of S/N ratios of the four control factors at each of the levels are shown in Figure 2 , and from which the levels corresponding to the highest S/N ratio values are chosen for each parameter representing the optimum condition. Here, the optimum condition is corresponding to the maximization of the compressive strength. It is clear from Figure 2 that the optimum levels are: A 3 (water/binder ratio: 0.4), B 3 (fly ash: 39%), C 1 (coarse sand: 24%) and D 2 (stone dust: 30%) respectively.
In addition to S/N analysis, main effects of the process parameters on the mean response are also analyzed. The mean response refers to the average value of the quality characteristic for each factor at different levels. Thus the average values of the compressive strength for each factor at the three levels have been calculated and are plotted in Figure 3 . The mean response analysis (Figure 3 ) also indicates the same optimum level of the parameters (A 3 , B 3 , C 1 , and D 2 ) as is obtained in S/N ratio analysis.
The analysis of variance (ANOVA) is also performed to study the relative significance of the process parameters. Table 6 shows the computed results of the ANOVA with 95% confidence. The F-ratio and the percent contributions of the various parameters as quantified under the respective columns of Table 6 reveal that, both water/ binder ratio and stone dust have significant effect on the compressive strength at the 95% confidence level. Moreover, the impact of fly ash and coarse sand are insignificant since their F-ratios are lower than the critical value (3.55). However, water/binder ratio yields the most significant effect on the measured response as shown by the much higher F-ratio (= 108.337) and also percent contribution (= 82.62).
Prediction of optimum quality characteristic (QC)
From the analyses of S/N ratio and the mean response characteristic, the optimum levels of the control factors are determined as: A 3 , B 3 , C 1 , and D2. Hence, the predicted mean of the quality characteristic (compressive strength) has been computed as shows the reference 13 .
where Y is the grand average of performance characteristic [corresponding to all the 27(= 9 x 3) readings in Table 5 . So substituting these in Equation 2, the mean optimum value of the compressive strength has been predicted as: S mp = 166.22 kg.cm -2 . An important step in Taguchi's optimization technique is to conduct confirmation experiments for validating the predicted results. Thus a 95% confidence interval (CI) for the predicted mean of optimum QC on a confirmation test is estimated using the following two equations 13 :
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where, F (a, 1, f e ) is the F-ratio required for 100 (1-a) percent confidence interval, fe is DOF for error,V e is the error variance, R is number of replications for confirmation experiment (= 3), and N eff is effective number of replications. N is total number of experiments [= 27 (9 x 3)] and T DOF is the total degrees of freedom [= 8 (2 x 4)] associated with the estimate of mean optimum. From Table 6 , the values are: V e = 40.963, f. e = 18, and from standard Statistical 
Confirmation experiment
In order to test the predicted result, confirmation experiment has been conducted by running another three replications at the optimal settings of the process parameters determined from the analysis. These results are shown in Table 7 and it is observed that the mean compressive strength obtained from the confirmation experiments is 160.17 kg.cm -2 , which falls within the predicted 95% confidence interval.
Conclusions
Optimization of process parameters for fly ash brick was performed via Taguchi's parameter design method. An L 9 OA was used to accommodate four control factors and each with three levels for the experimental plan. Selected process parameters along with their levels were: water /binder ratio (0.42, 0.41, 0.40); fly ash (35, 37, 39%); coarse sand (24, 22, 20%); stone dust (28, 30, 32%). The following conclusions may be drawn from the present investigation work:
• Among the four process parameters, the water/binder ratio and stone dust were having significant effect on the quality characteristic i.e., compressive strength. Moreover, water/ binder ratio was having the highest contribution of the order of 82.62%.
• The optimal levels of the process parameters were found to be A 3 , B 3 , C 1 , and D 2 corresponding to water/binder ratio of 0.4, fly ash of 39%, coarse sand of 24%, and stone dust of 30%.
• An optimized value of the compressive strength for a 95% confidence interval was predicted as: (166.22 ± 10.97) kg.cm -2 i.e.155.25 < S mp (kg.cm -2 ) < 177.19
• From confirmation experiments, the mean value of the compressive strength corresponding to the optimum conditions was obtained as 160.17 kg.cm -2 , which fell within the predicted range.
• Thus the predictions made by Taguchi's parameter design technique were in good agreement with the confirmation results.
• The results of the present investigation were valid within the specified range of the process parameters along with their chosen levels and for the specific combination of brick ingredients. 
